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Abstract—The effect of rainwater and seawater on the permit-
tivity of denim jean substrate and performance of an ultrawide-
band (UWB) eye-shaped textile antenna is investigated in this
letter. For the simulated and measured reflection coefficients in
dry condition, it was found that the antenna operates at 2.4–10.9
and 1.6–12 GHz, respectively, with the simulated gain between 3.2
and 5.8 dBi from 2 to 12 GHz with efficiencies greater than 50%.
The antenna can operate at the entire range in dry conditions
when 10 dB, but with limited performance under
wet conditions. However, it cannot be used when immersed in
rainwater and seawater. From the investigation, it can be shown
that the permittivities of denim jean substrate under wet and
immersed conditions are proportional to the permittivities of the
absorbed medium (rainwater or seawater) at 2–12 GHz.
Index Terms—Rainwater, seawater, textile antenna, ultrawide-
band (UWB) antenna.
I. INTRODUCTION
R ECENTLY, there is a lot of interesting research focusingon body-worn communication systems, which need the
implementation of textile antennas as the main tools. A textile
antenna provides further advantages due to ease of integration
with clothes, light weight, and low implementation cost com-
pared to an ordinary microstrip antenna.
Since the FCC has announced the unlicensed ultrawideband
(UWB) frequency range from 3.1 to 10.6 GHz in 2002 [1],
UWB antennas received positive feedback and attention on their
usage. UWB has a feature advantage of implementing multiple
applications on a single antenna. Therefore, the implementation
of a UWB textile antenna on wearable garments will reduce the
number of devices used for body-worn communication system.
In fact, textile antennas are exposed to variation of weather
and environment. In dry condition, the textile antenna will
operate optimally. However, in a real situation, the antenna is
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affected by the changes of weather and different environments
such as rainwater and seawater.
In the literature, most researchers have used tap water, which
has a high measured relative permittivity ( ,
at 2–12 GHz) for the investigation of antenna perfor-
mances [2]–[5]. One of the reported research in [2] has investi-
gated the effect of antenna for GPS/Iridium (1563–1626.5MHz)
that is sprayed by fresh and 5% salt contamination waters, which
results in resonance frequency shifts by 140 and 240 MHz,
respectively. These show that a narrowband antenna is sensitive
while exposed to water and saltwater since the shifts exceed its
63.5-MHz operational bandwidth (BW). Then, the study in [3]
has reported the effect of a wideband antenna wetted by wet
tissues that gives good performance. Compared to the antenna
in [2] and [3], the investigation in [4] and [5] concerned the
antennas in wet conditions after being immersed in a bucket of
water for a while, which makes the antennas absorb most of
the water in their substrate. The performance of the antennas
in [4] resulted in some band rejections in reflection coefficients,
while the antenna in [5] can no longer be used under wet
conditions. Moreover, [4] also considered the performance
measurement under water immersion, which resulted in an
inoperable antenna.
Even though the effects of tap water on the antenna perfor-
mances are being researched, the effects of rainwater and sea-
water are not being given serious considerations. Under rain
condition, the rainwater will continuously flow in and out of the
antenna. It is imperative to investigate an antenna that is suitable
for the Coast Guards team since seawater splash will make the
antenna no longer in dry condition. The rainwater and seawater
will influence substrate material and hence impact its original
permittivity, ; the antenna performance will be affected in this
state. This letter investigates the effects of rainwater and sea-
water on of a denim jean substrate and textile antenna perfor-
mance at UWB frequency.
II. ANTENNA SPECIFICATION
A UWB eye-shaped textile antenna is used in this investiga-
tion [6]. Denim jean that has ameasured real part of permittivity,
of 2.3 at 6 GHz, is used as the substrate, while the radiating
elements (patch and ground) are composed of shieldit super
conducting textile. The denim jean is chosen as the substrate
since the thickness is larger than other wearable textiles that
provide an advantage on wideband antenna design. The thick-
nesses of shieldit conductor and denim jean substrate are 0.17
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Fig. 1. (a) Fabricated prototype of eye-shaped textile antenna. (b) Detailed di-
mensions of the antenna.
and 0.7 mm, respectively. The size of the antenna is
mm , and it is fed by a coplanar waveguide (CPW)
transmission line with a gap, mm. The geometry of the
radiating patch is rectangular in shape of 30 32.5 mm and
designed with two appositional arcs with radius of 10 mm.
For the grounding element, the width and length at the
lower part of the antenna are 14 and 12 mm, respectively. The
upper length is 8.4 mm. Meanwhile, the slanting line of the
eye-shaped antenna, , and top arc radius, , are 19 and 20
mm, accordingly. The importance of introducing slanting line
and the top arc at the ground plane has produced a UWB fre-
quency. The antenna is designed and simulated using licensed
Computer Simulation Technology (CST 2012). The prototype
of the fabricated eye-shaped antenna and its detailed geometry
are illustrated as in Fig. 1(a) and (b), respectively.
III. MEASUREMENT TECHNIQUE
Rainwater is taken from an open area in Universiti Teknologi
Malaysia (UTM), Skudai, Malaysia, while the seawater is col-
lected from the South China Sea at Mersing Beach in southern
Malaysia. The of rainwater and seawater are both measured
within the frequency range of 1–12 GHz. It is observed that,
with increasing frequency, the measured real part of permit-
tivity, , of the former decreased from 77 to 60, while that
of latter decreased from 72 to 54. Furthermore, the of denim
jean substrate is also measured under the following conditions:
1) dry (in free space); 2) wet (due to rainwater and seawater);
and 3) immersion in separate containers, each containing 500
mL of rainwater and seawater. For the purpose of measurement,
a piece of A5-size denim jean substrate with mm is cut
into eight smaller pieces of equal size, and then stacked into
eight layers in order to thicken the substrate up to 5.6 mm. By
using a commercial open-ended coaxial probe, the thickness of
the measured sample (5.6 mm) is considered as infinite thick-
ness, which provides correct measured permittivity data [7].
Three similar sets of eight-layered substrates are prepared. One
substrate set is measured in dry condition, while the other two
sets are tested in rainwater and seawater. These three procedures
are performed in order to measure the denim jean substrate’s
when subjected into different conditions (dry, wet, and immer-
sion in water). For the immersion testing, the stacked substrate
is fully soaked in 500 mL of rainwater/seawater for 2 min before
measurement. After the measurement of the stacked substrate in
Fig. 2. Measurement of the eye-shaped textile antenna (a) when fully immersed
in 500 mL of rainwater and (b) under wet conditions in free space.
Fig. 3. Simulated (in free space and on body) and measured (in free space)
reflection coefficients.
immersed condition, it is then taken out of the container and left
for 1 min. Then, this stacked substrate is measured in free space
for the investigation of its in wet conditions.
The fabricated textile antenna’s reflection coefficient, , is
also measured instead of the substrate’s . The measurements
are first done in dry conditions and then immersed in 500 mL
of rainwater. The antenna is then removed from the container
and measured in free space while still wet. Fig. 2(a) and (b) re-
spectively presents the antenna, when fully immersed in 500 mL
of rainwater and while still wet. The measured antenna (wet)
shown in Fig. 2(b) is washed using tap water and dried under the
blazing sun. It is then tested with the seawater using the same
method for rainwater testing.
IV. RESULTS AND DISCUSSIONS
Section IV-A presents the and radiation patterns of the
eye-shaped textile antenna in free space. Themeasured ’s of the
denim jean substrate in rainwater and seawater are presented in
Section IV-B. The results during immersion and wet conditions
are presented with respect to the dry substrate. Section IV-C
shows the of the fabricated antenna when measured in three
different conditions (dry, immersed, and wet due to rainwater
and seawater).
A. and Radiation Patterns in Free Space
The simulated and measured are shown in Fig. 3. In
the simulation results, the in free space operates from 2 to
10.8 GHz, but it works from 2.4 to 9.8 GHz with the presence
808 IEEE ANTENNAS AND WIRELESS PROPAGATION LETTERS, VOL. 13, 2014
Fig. 4. Simulated and measured radiation patterns at (a) 2, (b) 4, and (c) 6 GHz.
TABLE I
SIMULATED GAINS AND EFFICIENCIES OF THE EYE-SHAPED
TEXTILE ANTENNA AT 2–12 GHz
of a human body when referring to 10 dB. This is obviously
due to the effect of the human body on the antenna’s impedance.
However, it can be used for the entire range of frequencies (from
2 to 12 GHz) when 6 dB is considered. Meanwhile, in the
measurement result, it is found that the bandwidth achieved at
10 dB is about 10 GHz (from 2 to 12 GHz). The results show
that the measured provides larger BW, compared to that
of simulation. This may be due to the fact that the denim jean
substrate has air trapped between the interstitial thread, thereby
widening the BW [2].
The simulated and measured radiation patterns of the eye-
shaped textile antenna are presented in Fig. 4. Due to device
limitation range, only the radiation patterns for 2, 4, and 6 GHz
are presented. In the E-plane ( ) radiation pattern, the antenna
is bidirectional at 2 and 4 GHz, while it shows (more likely)
a butterfly shape at 6 GHz. In the H-plane ( ), the radiation
pattern is nearly omnidirectional at 2 GHz, while bidirectional
at 4 and 6 GHz. These results show that there is good agreement
between the simulated and measured radiation patterns, with
similar shape and insignificant deviations.
The antenna’s simulated gains and efficiencies at 2–12 GHz
(with 2-GHz increment) are presented in Table I. As shown in
Table I, the simulated gain fluctuates between 3.2–5.8 dBi for
the considered frequency range, while simulated efficiency de-
creases with increasing frequency from 2 to 12 GHz except at
10 GHz. This situation occurred maybe due to unstable radia-
tion patterns between frequencies.
B. Measured Permittivities of Substrate Under Different
Conditions
The measured substrate’s consists of real and imaginary
parts, which are and , respectively, as shown in (1). The
of denim jean substrate under dry and wet conditions and when
Fig. 5. Measured permittivity of denim jean substrate in dry conditions, wet
conditions, and when immersed in rainwater and seawater.
immersed in rainwater and seawater are presented in Fig. 5.
There is a substantial difference between the measured value in
dry condition compared to the results obtained when measured
either under wet conditions or when immersed in rainwater or
seawater.
In dry conditions, the fluctuates between 2.1–2.3 at
2–12 GHz. When immersed in 500 mL of rainwater and sea-
water, the values dramatically change to 31–22 and 27–19,
respectively, in the entire frequency range. The substrate mea-
sured under wet conditions has of 37–26 and 33–23 due
to rainwater and seawater, accordingly. Besides that, the
of the substrate under different conditions also changes from
0.15–0.45 in dry to 7.2–19.3 in various conditions due to wet
and immersed, either caused by rainwater or seawater. In dry,
the substrate consists of air in its interstitial thread, while in wet
and immersed conditions, the substrate absorbed the rainwater
or seawater. Therefore, there will be the differences of denim
jean characteristic between dry, wet, and immersed conditions
(1)
In this study, the changes of and of the denim jean in
various conditions as shown in Fig. 5 depend on the medium
absorbed by the substrate in Fig. 6. Referring to Figs. 5 and 6,
the changing trends of and are similar for both graphs with
different values. As presented in Fig. 6, it can be seen that the
of rainwater and seawater decreases with the frequency in-
crement. Meanwhile, the of rainwater increases with the fre-
quency. However, the of seawater decreases from 2–5 GHz
and gradually increases with very small value from 5–12 GHz.
According to Fig. 5, the of the denim jean substrate in dif-
ferent conditions is proportional to the of the absorbedmedium
as presented in Fig. 6. Therefore, the of denim jean substrate in
Fig. 5 is dependent on the and the absorbed medium for both
and values. Moreover, the and values of substrate
that absorbs the rainwater or seawater have lower than the
and values of the individual medium. However, the and
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Fig. 6. Measured permittivity (real and imaginary parts) of air, rainwater, and
seawater.
Fig. 7. Antenna’s measured reflection coefficients under dry and wet condi-
tions and when immersed in rainwater and seawater.
of denim jean under dry condition have higher values than air.
These are due to many factors that influence the changes in
and values, which are the type of material used, the medium
it absorbs, and the wetness of the measured materials, which are
out of the authors’ field.
C. Measured of Antenna Under Different Condition
The antenna performs satisfactorily with maximum of
10 dB from 2 to 12 GHz under dry conditions as shown in
Fig. 7. However, certain band rejection occurs under wet con-
ditions due to both rainwater and seawater. The antenna is able
to operate almost at the entire frequency range from nearly 2.4
to 12 GHz, excluding the range from 7.5 to 9.5 GHz due to
rainwater-induced wetness. The antenna performance becomes
worse when tested under wet conditions due to seawater. It can
only operate at frequencies less than 2.3 GHz and in the range
5.5–7.3 GHz. Therefore, the antenna can only operate at limited
frequency range under wet conditions of both rain and seawater.
However, the antenna cannot operate when immersed in 500mL
of either types of water. This is due to the existence of var-
ious particles and minerals in the absorbed water, which largely
change the of the substrate. However, the antenna may be suit-
able for some applications requiring maximum of 6 dB
under dry and wet conditions, for all the frequency ranges, ex-
cept under immersion in rainwater or seawater. The trend shows
that the immersed antenna may be potentially useful at higher
frequencies above 12 GHz as shown in Fig. 7. The trend also
shows that decreased to almost 6 dB at higher frequen-
cies, and the value is 5 dB at 12 GHz.
The absorption of rainwater and seawater into the textile in-
creases the original of the substrate. In addition, the ratio of
to the will determine the value of loss tangent, . The
higher the ratio of to the will increase the . More-
over, the higher will affect the performance of the antenna,
which leads to the degradation of in the antenna operating
bandwidth. Therefore, the antenna can only be used with lim-
ited frequency under wet conditions and cannot be used when
it is immersed in rainwater/seawater due to the effect of water
properties. Thus, the antenna is most suitable for the use in free
space under dry conditions at 2–12-GHz frequency range.
V. CONCLUSION
The UWB eye-shaped denim jean antenna performs satis-
factorily at certain frequencies even though it is influenced by
rainwater and seawater. In this study, the original permittivity
of denim jean substrate is changed due to the absorbed water
(rainwater/seawater). The changes are linearly proportional to
the permittivities of the absorbing medium. Moreover, the an-
tenna’s reflection coefficients in three different conditions are
indirectly affected by these changes. The antenna has limited
performance considering that 10 dB, as it can no longer
be used for UWB applications when fully immersed (in both
rainwater and seawater). However, the antenna is suitable for
applications requiring dB in dry and wet conditions.
The antenna performance is seriously impaired in lossy media,
and this explains why it has limitations to be used in wet condi-
tions and can no longer operate when immersed in either rain-
water or seawater.
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